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H«at triuisfar studies tn a fluidised ted vltt and 
without a ohemloal reaetioii ( exottenaic ) were carried out* 
fhe chemical reaction carried was tetween hydrochloric acid 
ga# and aimonia gas. It was foimd that heat transfer 
coefficient increased wilh the formation of additional solid 
part io lee • anaonlum chloride. At a couetaot mass reloclty, 
the hed temperature yerted with the amownt of heat liberated. 
The ratio of exit teapacature of air to that of the bed was 
found to be a atroag funotion of the mass reloolty. 
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thm tera f ltildia»tlon eigolftes th« action of granular 
part Idee In tiie fluid aorlng upwards* It Is due to tlie aotlon of 
particles that inoroi^ed heat trensfer, increased Mass transfer, ahs«no« 
of axial and radial temperature gradients occur* 

A fluidised hed has the following characteriotics t 
t. Local tWBperature and solids diatrlhutlon are much more uniform 
than in the fixed hedf 

2* Heat transfer coefficients In fluidised heds are higher than in 
fixed hede operating under coaparahle flow conditions! 

3# Solid particles undergo attrition csr size reduction and ther<( 
be equlpoent erosion* 

|[eat fransfer Considerations in a Fluidised Bed t 

Heat transfer in a fluidised bed may he considered from two 
different Tlew-^points t (a) heat transfer between the particles and 
the fluid and (b) heat transfer between the fludlaed bed and a boundary 
heat transfer surface* Although, the order of magnitude of heat 
transfer ooeffloient^*^ between the solid partlclea and fluid In a 
fluidised bed is almost taste as compared to that in a pached bed, yet 
the particle slae in a fluidised bed, namally encountered Is yery small 
{5^iQ0jx) as comiwred to that in a packed bed ( 5im» 4 abcre ), the 
quantity of heats transferred par unit time increases tremendously. 

If we compere the order (a) of magnitude of heat transfer co«* 
efficients between the bed amd wall for d) a fluidised bed, (11) a packed 
bed, and (ill) air- wall for an empty tube, the current Interest In the 

(*) About 8 W^rn/BXm Sfl,ft**f* at a mass velocity of $00 lbs/bf,ft. hr* 

and about 40, at tlOO Ibs/H^.ft* hr* (12)* 


# # » 
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fluidized tjed heat transfer will he readily understood. 


Heat franafer Equlpoent 
T^pty tube 
Taoked bed 
Fluidized bed 


Hagnltud# 

5 -* t MT^/hr^ »c[#ft *1, 
3-5 BSITs/iir, 8q,ft,*F, 

10 - 100 BTI3rs/ii3P. Bq,ft.*F 


YAPQR HIASP rmn CfllK OF AST^CMIOM C i:>03IDE»C!.nMICAL H^ACTIO'^ T' A 
FL'^IDIZK!) i 

It was Intended to study beat trenefer characteristics in a 
fluidised bed without and with a ebealcal reaction* Study of a aiaple 
exothermic ohenaloal reaction such as above* would give the modifications 
Introduced in the charaoterlstloa* If any* 

fo carry out the (wsonlum chloride forwation from hydrochloric 
acid gas and a ammonia gas was chosen for the following reasons s 
1* the react 1cm is Instentaneous and no kinetics Is Involved} 

2* the reaction la strongly exothermic - the beat of the reaction Is 
41*9 min 

3* It can be visually observed wbrther the reaction is taking place or 
not I 

4* the product* being in finely solid state* Is removed fro® the reactor 
by the fluidising medium l,e, alrf 
5, reactants are easily available* 

lb tbe following pages* work dime In this field (without 
chemical reaction ) by many workers and tbe work done In the present 
Investlgatlcm have been discussed* 
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CHJIPTT'H 2 

• PR'TIOITS -;.'OKK PI gAS^lIQLID BJiT-sr WTASE FLT^IBIZH? HM*? TRAl^tSFKR 

r-:c!Lviisi3 rsopo3-D by rcr.gBRS t 

A lot ot wotpk has beam done In tfea field of beat trmiefer In 
a fluidized bed In the last three decades* Tarione authors hare 
proposed different empirioal eorrelatlone to evaluate the aiagnltude 
af heat transfer coefficient • bed to wall* Althouil^y moat of them 
iiave proposed one meohaniem or the other* ^jualitatlvely, it is only 
in a few oasee that the empirical correlation has been proposed to 
Bubetantiats the propoeed mechanism quantitatively 
In the following lines* some of them have been briefly diacussed* 

Ptgr ai^ m 

fhe authore have proposed a model* Aocording to this* 
there exists a narrow thermal layer next to the veill and it ocKQStltutes 
the main resistance to the heat flow* A limited thermal mlxliig region 
is there at the bottom of the fluidised bed* fhe core of the bed in 
the interior is largely at thermal equilibrium with radial temperature 
gradient virtually n^«*exi8tisit* 



According to the authors in c<»itaet with the wall* there 

la a fluid film of thidmessS^* 0*t ^ ^ q , ^ ®hio is followed 

by a solMs bmuadary laiysr of ihlcknese 5^* 1 to 3 mm* thick*. Beyond 
this layer there is the fluid ieed core* Ih the boundary layer* the I 

solids move essentially i^ralltl to the wallf however* there la also I 

lateral solids flow betwemc the boundary lay^ ant the cere* Isar the 
fluid film* the particles more dowwards mainly* ehere^s in ^e core* 
they move upwairds mainly* 




mm* 
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Both of the above modela are based on the observation “that 
there Is practically no radial or axial temperature gradient in 
the core. 

Tan HeeMsn Co-wor kers Model ( 1955 ) t 

Althougii, it was established that Inoi^ase in heat transfer 
in a fluidised bed !» becmise of the eotion of the particles only* 
previous workers proposed that solid particles act as turbulence 
promotors without oontrlbuting directly to the transport ef heat 
by their oonveotlv# motion* 

fhe authors^ proposed that the heat capacity of solid i^rtl- 
cles per unit volume of the bed Is about 1»000 times greater than 
that of Interatlclal gas while mean particle velocity is at most ten 
times lower than tfee gas velocity* thus* it is clear that convective 
traneport of heat by the moving particles largely outseigha all oidifr 
nodes of heat transfer* If the heat capacity of the particles is 
reduced infinitely without ohanging the other physical properties ^ 
the i»t» of heat transfer will drop to the sane value as obtained in 
the fixed bed of the same particles and the seme gsnt velocity* 

fhe authors pxfoposed ’6iat the find lied bed is equivalent to a 
well stirred liquid in ihlch the Interstlcial gas only serves as a 
stirring agent and as a heat transferring nediun between the adiscent 
partides and between particles and the wall* fhe rapid heat exohsnge 
among different parts of the bed is brought about by ^e turbulent 
motion of the pea*tiolee which is eompletely equivalent to the high 
eddy diffueivlty of a well stirred liquid t «ad whioh oaa be expressed 
ss eddy thermal eonduetivlty ( 0*6 to *3 IfOaAk* ft* 


Mlckley api Mod#l (1955) t 

Cto the basis of their experlaentai finding that the heat 
tr^naefer coefflei^ts obtained v4th fluidised beds are proportional 
to the 8<|uare root of the <|niesoent bed theraal oonMctlTity, they 
oonolnded that the agencies which control heat transfer way be looked 
upon as unsteady state of dlffjjsion of heat Into the aoblle portions 
of the bed tensed "paeketa** fhese packets thewselves are believed 
to have a transient exlstanoe* fhuSt they would tend to disperse 
and re-^fors elsewhere, fh© paokete are ptetured as contacting the 
heater wall and thereby facilitating hi«it traoifer, A oorrelatlm 
of heat transfer coefficient along ‘ttsie liiw will desand the aseuap-* 
tion of a BO called atirrtng factor t necessary for moving the particles 
joined together as packets, through the bed* la other words , stirring 
factor simplifies the frequency of solid particles, contacting the 
heat transfer surface. 3h regard to Idle stirring factor, tha theory 
demands that it is related to heat trsnsfinr coefficient, the thermal 
conductivity of the (tuiescmit bed, the density and the heat capacity 
of the packet* fhe stirring factor itself depends upon the mechanical 
propsrtlsa of the bed and partlelest 

SaltyxllJfegJi i m . i m 1 

Concluding from the experlmsiits carried out under almost vacuum 
tha author proposed that in order to carry out heat transfer, the 
presence of some heat transfer meditai i»e* the fluidising gas, is 
essential. He further proposed the eonduetive heat transfer 
betwssn a single particle imersed In a fluid ani a heat trmisfer 
surface can be regarded as the basic stage in heat transfer to gas 


jPHuldised b«d0 of 0 ]^erlcal particles inhere xsdiatlvs trassfer 
is ne|^ll#jlbl«, Tfes irrmsfer rate is controUsd 'by particle 
reeiSsnce at the tr?insfer surface* 

Soinmarisljrag the above dlsoassion, it may be said that the 
fu&otion of the fluid is to stir the particles, act as heat transfer 
medium between the solid surfaces riisre there Is no mechanical 
contact, hereas the solid particles act as turbulence pr(^tors as 
well as heat carrlere exchanging the heat amongst themselves, vlth 
the gas and v,lth the wall^ fhey also reduce the film thlidcness* The 
result is that almost uniform temperature throughout the bed exists 
and Iscreaesd heat transfer takes place* 

TARXous vmm^vms awd toeir sicaiiyicMCE i 

Znsplte of the lot of work done la this field, there dots not 
exist one single theory or n ■ c ncrnl correlation applicable ia eaidb 
and every oeuse* Iforeover, because of extremely oomplloated hydro- 
dynamic behaviour of a fluidised bed, regroua mathematical treatmant 
haul not been possible# that is idiy, the approach has heea emprtcal 
in this field* 

9o understand the effect of differmttt parmwtters and to propoee 
m mechaniem, yarlous auth03» iraried different parameters to sec the 
effect upon resulting heat transfer* fhe important parameters are t 
(1| mass velocity of the fluidising gasf 
(11) particle diameter, 

(ill) heat capacity of the solid particles, and 
(iv) thermal conductivity and the klneirfttt® viscosity of ths 
fludising gas* ^ 

tbs Isms important mmm art t heat capacity of the fluidising 
gas, hsliht of the fluidised bed, and tube diameter, etc# 
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Hecentljt ther# l»aa a trend to introdaca a few 

modlflcatlom In tl» design of tlie flnldlsed bed egp Introducing 
baffles or some other peeking aaterial, fhe sin Is to obtain saiooth 
fluidisation ewen at hli^er values of mass velocity l*e* higher values 
of reduced laass velocities which otherwise will give rise to slugging, 
to get higher nagnltudes of heat transfer ooefflclent than would be 
obtained under normal fluidizing oondittone# 

Maes Velocity Benendenoe t 

fhis is the most import «nt factor upon which heat transfer 
depends, Different workers have given the following dependence of 
heat transfer coefficient upon mass velocity* 

Dow k Jakob for a mechanically . _ 

smooth f luldizea bed h cX 

Van Heerdsn and Co-workers^®^ h o<^ 

fooaey k Johnstons h <x laf 


levenaplel k 
Itsva 


h cx 4 *^ 


Dn, almost, all the above cases, wi.en h and Qg were plotted 
an a log-log scale, a curve wlife a large curvature was obtained and 
the authors approximated the central portion of the ourve with a 
straight line* It is the general observation that at lower imlues 
of reduced mass velocity, the dependence of heat transfer 

coefficient on the f oxmer Is higher* At the hiid^r values of 
the curve becomes mere and more flat*' 

Ihysically interprettlhg, tt a®y be said that since the particle 
motion Is an fnoreaslng functio-n of the mass velocity, that is why 
heat trfmsfer eoefficlaot incresises with the same# 

Vor generallieed correlations sad the limits of vemrlables 
ses pp #5-47 Capp«adl*) 
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Sffftct of Partiolft Dtaaeter t 
Bow & jrafcofe 

Tan Hoerden & Co-workers 
lievenoplel & Weltcrn^^^^ 

Bhat as Weinicaestner^^^ 


lio<,Bp'^*^ 

no appreciable effect 


Since mlnlsaum fluldt»atlon iiass Telocity 1» Itself a rery strong 
fmicti(»i of particle diameter and tbe quality of fliiidisBatlonf defined 
in terms of fluidisation efficiency, ^ , Is a strong function of 
reciprocal of particle d leister , it may be said tiiat beat transfer 
coefficient Inereasee with decrecuelng particle else* Ihysicall^ 
interprettiag, it may be said that at any walne of mass Telocity, 
the reduced mass Telocity being greater then unity, the particles 
with lesser dlaaeter agitate more Tlgorcuslyi that is why hii^r 
magnitude of heat transfer coefficient is obtained* 


f. 

Bow & Jakob 

▼an Heerden * Oo-workei^^®^ 
Mickley d: Tairbank 


h ( 9 ^ Cg ) 


0*25 


h o< ( 9 ^ Cg ) 


0 * 3 € 


h o<. ( f g,C ) 


0.5 


IiWTa h o<. 

a is iiltii ls*aT ARfiiiarf -t 4; V aT mi4iiiRn*im4! 

at 


f ^ C in the heat caimcitjr of quiescent bed* 

As preTtously meet toned (Tan leeiden Hod el ), heat transfer 
is mainly because of the oonvectiT® transport by the moTing particles, 
hen OS the abore trend* 
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Thermal Cond nctirlty of the das i 


Dow & Jakoh 

h c< k 

Tan Hoard en Si Co-workers 

h o<, k®*5 

Toomey & lohnston® 

h c< k 

leva 

h o< k®*^ 

Mickley and Puirhank 

h 


k, - conauoltlTtty »f th. !>.«. 

Assuwq^tion of a laminar film al<mg th« mall ^aatify 'Si® pcfwar 
GNf k to b« unity* turbuloot oondltlona and for a packod tj«d* 

two^tklrde power of k is already well establleliedw So for a fluidised 
th# power with magnitude of 0*5 to 0»6 is fairly justified* 
Dependence on Kinenatlo Yisooslty of the Oas t 

This is purely hecause of hydrodynieiio oonditions* It will 
effect only the film thlctoees^^^^# Practically, in all the corre-* 
latlons, where Reynold •» numher appears, it is taken Oiire of along 
with the mass velocity. 

Dependence upon ti^e ITeiicht of the led t 

Although many workers have not mentioned the effect hed 
helidit on the magnitude of heat transfer coefficient, it seems that 
the later will decrease with Ihe increase of former* The reason 
is that heyond a certain heigdit Is ^ particular case, hed homogeneity 
and quality of fluidisation deteriorate with Inereasing hed hei^t* 
Bo, the heat transfer coeff i^eat will decrease with hed height* 
However t Dow & Jakoh have glirsn the following dspendenotf 

h 

Beat aaMOitj Of m® Jas per Dnlt j 

As already stated, heat transfer tfdets place mainly hscause 


• « • 
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of laae oonvectlv# transport of solid partioles, sOf that lasat 
oapocltj of the gas ms not har© significant affsct on boat traissfer 
oosffloieiit* Honererf following dspscdoncs baa bstn rsportod i 


Bow dt JTakoh 
Bsvonapisl & Y'alton 
Van Isorden & co-work«ro 
Hioklsy 4b Palrhank 


b o<, ( Cy 9^ 
b 0(. Cy 

bo< 9 ^-0.18 

h cX 0*^*^ 


fbaraal Oondoctiwity of Solid Vartlolss t 

Since the solid partloles enoonntered in the floldlssed bed 
are Tory siaall, snrfaee area per nnlt Tolnn* ia very blgb« SOf It 
Is alatost instantaneous wben tbe average tenperature of a particle 
Is prsctloallj the sme as the ertemal surface teispesmture of the 
particle. Thus, thermal conductivity of eolld particles does not 
play a significant role. 

Effect tube Ptaaeter i 

Wall effects nay be costnon in fixed beds where large particles 
relative to the tube dlssieterf are sonetines used. Because of the 
larger voidage in the perlphts^l ringi a scweidiat larger proi»ortion 
of fluid passes throu^ the ring than the core of the tube, tall 
effect Is eoffifflonly expressed as a ratio of the tube dianeter to the 
particle d Sane ter ratio# ^ ibe ratio Increases towards high 

values# the ratio of ring to total area decreases rapidly, for 
fluidised systeas of the tube nomally encountered# the ratio varies 
fron 300 to 1000. for theat values# area ratio is vlrtusily fisgll- 


fible. 

lb ahort# any parMieter will affect the nagnitude of heat 

AfMftfVInlAnt whletli affi»#sts tuii'tiolit aictinn. nv aiicmiMLl 





It 


eonductiirlty of ttie aeiltio* 

fh* author has chossn Wiokt aM Fettlag model* descrlhed 
prerioueljr for developing a correlation, 3h the dev®lop®eat, there 
^re two Important cone Merat lone, flretly* the particle velocity 
and hulk density ( or particle population ) along the wall tnfluence 
the thickness of the film. In other words* heat transfer cooffioient, 
helng dependent upon the film thickness* depends upon the particle 
velocity and i^rtleli population along the wall, 

Seccmdly* in the buffer tone end centnal core- idiioh eemstitute 
most of the bed convective heat flow by solid particles takes placef 
therefore* solid heat papaolty has also to be accounted for, 

Ifaking certain assumptions regarding the hydrodynemlc behirrioar 
of the bed* and medcing use of the above considerations* the auther 
proposes, 

h (t) Jd CD 

where 0^ « a oonstaocit ( to account for the thermal and 

mtohanloal properties of the solid particles )« 

m fluidisation efficiency 

E m bed erpansion ratio 

fhereas* Qp a constant* takee Into account the thsrsal and 
mechanical properties of the solid particles* remaining pert of the 
of the above expression has bs«B fonsilatsd out of the first 
consideration >mentioned above, 

fhe data of different workers was snalyssd according to ihs 
abovs rslation* fh# followhsg correlation was dsvsloped after 
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plottlai? and orosa^plottlng , 



0.16 





0.5 



flia «q«r «lon oonslsts of tteoe dlnennionloso groups* It easontially 
r«lat «0 a SfusaeXt nuabor with tli« laat group* a modified Rejrnoid*» 
number. !2he central group aooou it» for the effect of particle 
properties on beat transfer coefficient. 

MLomTic r'rnB is comw^iomi, PiiTinizEP beb hi^ai set-it? > 

?iome workers modified their set ups and then 

studied beat transfer obaraoterlstlcs. ?or example* llassiiilllab & 
co«>workers totrodueed the baffles. It was found that the 

maxlaum observed between h and with a convent ioEwal set up completely 
disappeared and hfe«t transfer coefficient increased continuously with, 
the mass reloolty* 

J.R. Sutherland and coworkere^^^^ studied the heat transfer 
characteristics with different packing materials for example* asooth 
spheres* rough S|herea* Berl*Saddles* lasohlng-rlngs and cylindrical 
screen packing# It was found that the rate of wall to bed heat** 
transfer was In moat oases adversely affectsd by the addition of 
packing materials* because of restrictions of particle movement 
within the bed and the vessel walls. this was true for spheres* 
Rasching*>rlngs Berl«Baddles* lowever* cylindrical screen packing 
has been found to cause little or no reduction in marlwna heat transfex 
rates because of ihe open structure. Its rslatlvely Miall latiwferencf 
with particle movement combined with Its higher porosity and ability 
to eliminate slugging suggest that this type of packing lOiculd have 
a uaeful application In fluidised bed* of free flowing solids^ With 
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ttpliurieaX packing, ralues of heat transfer coefficient of the orfler 
of nagnlto4® of ?<¥ of that in a conventional hed have heen obtained • 
Some other workers studied fXuldtaatlon characteristic® 
with the rectangular and equare sectioned columns with fine (cireuXar 
rods) protruding inside the ooXunn* fhey found that slugging wae 
pj^ctlccilly oonpleteXy reffioved and the idioXe bed was homogeneous* 
fhe authors daim that rat# of heat transfer frtna wall to bed in eudh 
system can be increased in acoordance with the finned surface anl 
overall heat transfer coefficient would in such eases be far higher 
than available in conventional fluidl®ed«bed equipment* 
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KXBgRUifeagfAT. COlCTmOHS 

H«at transfer characteristics with and without a ohsmlcal 
reaotioii in a fluMlssd bed were to b© studied* A number of rune 
were tateen and in both the cases; sand particles were fluidised by 
air* Heat transfer took place fro® b«i to wall* 

E£Ag TOAKSFER Y>Id?KOPl* A CllEiCTCAIi HISilCTlOK i 
Irnerinental Set-Hiu t 

The flowsheet is given in ?lg*1. The conatoat and steady 
supply sf air was avmilable from an air-compressor* fhere were a 
pressure regulator and a rotameter to regulate the pressure and to 
meter the flow rate respeotlvely, A needle valve was used before 
the rotameter to control the flow rate and a mercury manometp-r, to 
show the pressure of Inlet alp. The air was preheated In a pre- 
heater and then led to fluid Izatltm column* 

The preheater oonelated dt a X*S» pipe wlHi 1*5 inches internal 
diameter and about 10 inches long* A. heater made out of a nic><rQ»d 
wire was introduced Into the tube and the ends were taken out and 
C(»inected to power supply through a wattmeter and a dimaerstat* 

The preheater tube was insulatsd from outside by a paste of magnesia- 
asbestos p about 1 Inch thick* 

hmed lately above the preheater was the fluidisation colunnt 
a 1*5 inches internal diameter and 15 Inches long X*3« pipcf a 
stainless steel wire screen ( ®0 'mesh ) rested between the fludime*- 
ticn oolusn tstd the pridieater* About 9 inch portion of Idie fluidi- 
sation coluiiii was surrounded by a cooling jacket* fhe jacket consisted 
of a 5 Inch long f *X« pipe wi'to 5 Inch internal diemeter* It was 
welded concentrically to the fluidisation column through two flangea* 





Flow sheet for heat transfer studies without chemical reaction. 
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fhB jacket waa provided with lalet and outlet for water to olrmilatei 
fhe Inlet and outlet temperaturee were aeiMtured with precialon 
(0*2*0) theufflOffleters * fh© water flowrate wae saeaBured with a 
meaetarlng ejltnder, 

fwo thenaocouplee •• on© below the jacket and the other above 
it - were attached to the wall of fluid Issat ion column to give the 
wall temperature at ihe two poaitloaa* A third thesimiooouple whtdh 
eould be moved horizontally aa well aa vertically was used to raeaauw 
the bed temperature at varloua poaitlome* The thermooouplee were 
connected to a • Hoaeywelli eiac pointy temperature recorder *• 

The portion of the fluldlaatlon coluwt not covered by the 
jacket and the conioal portion below the preheater were insulated 
with aagneelft-asbestos paste. 






The air supply was started at the predetermined i»te* The 
water flowrate was maintained constant* The electric supply was 
switched on and the voltage adjusti^* After about 15 mlnuites* 
when the two thermometers Mid the three thermocouples Showed steeiiy 


state* the whole set of observations l.e, water flow rate* the Inlet 
and outlet water tempers tures ^ rotameter reining end manawBeter 


reading* voltage and wattage supplied and the three thermoooupls 


readings* was noted* 

trsing the above procedure, number of sets of obsermtlo® for 
empty tube as well as wltb the bed were taken* 



To carry out the chimleal reaction* steady streaii^ of HOI gas 
and awmmia gas were needed*, l^e latter was obtained from tlis 





• # • 


It 

ocnspressM aud liquified gae^-cjltodert nfeereas the former was 
generated In the laborctory. For this purpose Brauer*« procedure 
was adopted which consisted of dropping ctajcentrated hydrochloric 
acid In ooncentreted sulphuric acid when a stream of dry BCl gas is 
geneimted* 

Ejcnerlmental SetHup i 

fhe fluidisation set up (Fig, 2-a) consisted of a fluidisation 
column - one 16 inch long, 5 inch internal diameter M,S* pipe -«► 
surrounded hy a cooling Cachet, 16 inch long, 4 tech internal diameter 
pipe, haring one inlet and one outlet for cooling water, fhe 
flowrate of water was metered hy a rotameter and the two thermometers 
were used to measure inlet and outlet temperature. Ahore the fluidi- 
sation eoluffin, there was dis-engagement section, fhis section had 
one outlet for the exit of air and ammomlum chloride particles, fhis 
was led to a trap consisting of a reserrolr of water and the exit 
end of the tube dipped In water, 

fwo thenmrcouples were attached to the fluidisation coIubsi, 
one near the bottom mad the other near the top, to fted the wall 
temperature, fhere were three '^ernooouples, at different aximl 
positions of the bed to record the temperatures. Another thermocouple 
was Impt sufficiently abore the bed to record the tempera tu-e of laie 
exit air. All the six thermocouples were led to a « Honeywell 
temperatere recorder "* 

(-72 4 - 60} mesh sand partlolss constituted the bed. 

Hy9;iciiehlcrio acid gas generatloii unit consisted of a graduat'td 
separating funnel eontaiiiiiig c^centrated hydxochterio acidt <tee 
stainless steel, needle Talre, one rotameter and a comical flaalE 
contateing eoncantrated sulihuric acid. B01 gas stream was fed 
below the bottom of Hie fluidisation oolumn. 
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1 Inlet for air 

2 Inlet for HCl gas 

3 Ammonia feed system with 
a distributor at the 
bottom 

4 Inlet for cooling water 

5 Pluidization column 

6 Disengagement section 

7 Cooling jacket 

8 thermocouples connected 
to recorder 

9 Outlet for air & ammonia 
chloride 


Fig. 2a.- Fluidization setup- hoot transfer 
with chemical reaction. 
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1 Inlet for air 

2 Inlet for HCl gas 

3 Ammonia feed system with 
a distributor at the 
bottom 

4 Inlet for cooling water 

5 Fluidization column 

6 Disengagement section 

7 Cooling jacket 

8 Thermocouples connected 
to recorder 

9 Outlet for air & ammonia 
chloride 


Fig. 2a.- Fluidization setup- heat transfer 
with chemical reaction. 



fhe flowabeet Is given In Fig, 2(1>), 

Air supplj was taken from a compressor in two parallel lines* 
Bacli line had a pressure regulator, pressure gauge, needle valve, 
mercury a^ometer, and rotameter, fhe air was fed at Hie bottom of 
tbe reactor# The supply of ammonia gas was taken from gas cylinder, 
AmiMnla line also had one needle valve and one rotameter* fbe gas 
was fed into the reactor through a stainless steel 1/8” I*D# tube* 
llhe tube hod the feed end near the top ckT Ihe fluidisation setup* 
fhe exit end was near the bottom the same and It consisted of a 
coll with one helix with holes over Its length so that aimnonla gas 
caw out firoffi number of holes, 

Frocedure i 

The air supply was started at a pre-determlned rate* After 
the steady state was shown by different thermocouples and th«rmi»ieterS| 
it was stopped momentarily, and hydrochloric acid supply was started 
at a predetemlned rate to generate BCl gas stream* the air supply 
was resumed and ammonia gas supply was started. After about 1i 
minutes of reaction, hydroehlorlo acid supply was stopped. By that 
tlw an almost steady state had reached, Jm the mean time, flow 
rate of hydroDdilorlo acid was checked to maintain a constant average 
supply* Before the supply of the acid was stopped, the complete set 
of observations i*e* flow meter readings for water, air, ammonia and 
hydrochloric acM, temperatures of inlet end outlet water imd recorder 
readings, was noted. 




Fig. 2b - Flow sheet tor chemical reaction carried in a duidized bed. 
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Hli3? TEJ?3FM tlgllOUf CffiMICAL BEACTXOS i 

fabX« I gtrm th« values of lisat transfer ooefficlent for 
tlie corresijonaing a^sa velocity, Ita figm 3 » the values have l>e«ii 
plotted* 

5o explain the trend of the experiwntal data, let us 
consider the correlations proposed hy lieva and coworkera aud 

Itsva nsraoly. 


and 



fha values of heat transfer coefflolint given by the above 
equations have been plotted In the same figure. We find that at 
lower values of leaas velocity^ the slope of experlaaatal eurve la 
very olose to I 9 and for higher values^ the slope le near to 0 * 56 , 
Ilshat ISt at lower values of naaa veloolty, the dependence is aueh 
sore than at hiid^er values* 

the variation in dependsnee say be explained on the basis 
of quality of fluidisation and bed hosogenelty* At lower values 
of reduced sass velocity, the fluidisation is quite ssoothi but, 
at higher values, quality of fluidisation deteriorates, this is 
fiurther supported by the faot/at still higher values, a saxinuB is 
encountered as reported by Massiaillah A oosorktrs % 
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HEAf TRMlBWm COOTICOTf HASS VF.LOCH'T EKTAS'I'FSHIP 

WTiWff/WP f*5rW*fTrtIT. W!?Ar*VTfW 

wjixixyyx nr/Awixup 


Bed hvtighii 


4«45 eat* for rune 101 105 ) {*52 ♦ 72) 

) aieeli particles 
8*3 cm. for rtais 106-110 ) 


s* Ho* 1 

— 

mmni 

Ifaas Ttlceitjr 

Oy# 11s«^r*»q*ft. 

I Ht. tr* Coeff* 

1 li,Bftrs>Oir*»q*ft* 

1 

101 

304 

12.4 

2 

102 

415*2 

27*21 

5 

103 

527*8 

36.44 

4 

104 

(32.4 

59.12 

5 

105 

758*8 

38.78 

€ 

106 

3574 

16.87 

T 

107 

41«*1 

25.45 

8 

108 

527*8 

33.15 

9 

109 


34.29 

10 

110 

748^1 

36.^ 








h (BTUs/ hr. sq.ft.° 
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HEM fliSSfER WBH CHEMICAX KEAC!1!IQU t 
Heat Transfer Coefficient aefl Mass fransfer Teloolt.v RglatlYely t 

tn fal)le 2 ana fig, 4, th® ▼atu«s of heat transfer ooefflcitnt 
against those of mass relocitj have been given. Also plotted are the 
values given hy the correlations proposed hy different woarifeers, fhe 
experltnental values are outte high as compared to those obtained 
erperiaten tally without chemical reaction, although trend remains the 
same, 

fhts tnoreaae in values might have been due to (1) decrease 
in sand particle sise {,0076* in the chemical reaction amd ,01* 
without the reaction ), (tl) Improvement in the quality of fluidisa- 
tion due to the presence of aamcMala gas distributor and (ill) form®*- 
tion of ammonium chloride - additional solid particles. 

Iff ect of leat Mherated on Mwmt i 

3ii fable 3 have been given the values of heat tsmisfer eoeffl- 
clent for different runs and the eorresponding quar; titles of heat 
liberated. It is evidwat that there is no definite relationship 
between the heat liberated^ QOM, and the heat tremsfer ooefficlwtt 
h, 3h the present set of experiments. It was found that h’^ 

So, to take into aocount the velocity affect, hssa been 

also given in the fable and plotted in Ihe Figure 3« Again, ^ere 
is not of much dependence evident. So, It Is concluded that heat 
transfer ooefflci«ait is tndependwit of heat liberated, 

fote t fhere were two different set ups a»d only one type of study 
was carried in each tsi thimt,. 



f ABIE 2 


. . . sr 


HEAT IRMSPER GOEPPICIESf 
HASS TEBOCJfY ISlAf lORSHIB WIfR COTICAI REACIKM 

Bed li«igtot *• 6 • 0 ai« (-72 + 80 ) i»»rtlol« 0 * 


s* »o* j 

Ema lo« 

! ** 

; la . 

1 

17 

106.8 

25.5 

2 

20 

159.1 

36.1 

5 

10 

144.1 

37.4 

4 

28 

144.2 

29.2 

3 

14 

166.5 

59.9 

6 

11 

172.4 

40.9 

7 

12 

195.8 

42.3 

8 

21 

221.6 

42.8 

$ 

25 

227.1 

44.2 

10 

28 

229.5 

45.6 

11 

22 

250*6 

47.2 

12 

15 

247.6 

47.1 

15 

1i 

267.1 

49.2 

14 

21 

269.1 

56.7 


h ( BTU's / hr. sq.ft.°F) 


70 


With chemical reaction 



Fig. 4 - Float transfer coefficient mass velocity relationship 
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IHAf fEAimm CaOtlOBa® on HBAf 

mSMfEB 


s. Ho, 

1 Bun «»*| 

TSm@ Ttl» 1 

0, 

H«at M1>, 

mm 

BfO»Air, 

H«at fr, Co«ff , 


ussi 

1 

28 

144 #2 

1237,4 

29.2 

8*84 

2 

20 

133*1 

13*5.0 

5S.1 

11*05 

3 

14 

1663 

1368.4 

59.9 

11,7 

4 

It 

m*4 

1330*4 

40,3 

11,86 

5 

to 

144,1 

21123 

37.4 

11.15 

4 

22 

130*6 

16483 

47*2 

12.9 

t 

23 

4R4S 1*1 

1063,4 

44*2 

12.05 

8 

13 

247*6 

1118*4 

47*1 

12.51 

f 

23 

221,6 

1242,8 

42*8 

11.7 

10 

28 

2233 

17423 

43*6 

11 .M 
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B«d feaperatiirc m a fimetlon of Aiacmnt of Heat M’benjated at 
Cop»tapt iRgg Velocity i 

1ft 4f tfei differ€ne« T?«tw««p th« average feed taaperature 

aad tbe wall, (f feed • !I! isall have feeea 'tafeulated* flie tem- 

peratiire profiles feave feeeaa plotted in Figures 6a, 6fe & 6e* As 
expected, the temperature difference increases with increase Sn the 
aagnitude of Q<JOT (Fig. 6a & 6fe)* A^ln, keeping the nagnitude of 
QOM constant average feed temperature decreases with increase In nass 
velocity (Fig* 6o) runs 16 & 17* That is, the mass velocity h««i 
opposite effects on the two factors namely feed temperature «ad the 
heat transfer coefficlint* 

Again, the limiting mass velocity that can fee usefully 
employed Is the value where only suamonluji chloride particles are 
carried away and not the sand particles* At the saite time, the flow 
rates of reactant atreama have to fee such that ansonlum chlorlds does 
not sufelime feeeause of rise in temperature of the feed feecause of 
heat liberated* 

Ratio of .Exit Air feEroerature to that of Bed temperature t 

It was expected that exit temperature of air will fee nearly 
CCS# as that :sf the feed {experlmant® carried without chemical reaction, 
Heertjes^^^h* Bot# ho tla» present Investigation, 9 » i 

^ ®feed * ®wall^ 

was found iao fee strongly dependent upon the mass velocity of air, e#id, ; 
Its valve varied from afeout 0*5 to afecut 2, as giv«a in fafele 4 and 
fig* 7* One explainatlon for this ofeservatlon is that height of the 
feed was too small (6-^ cm*) to attain the equlliferius feetween the two 
temperatures* Recoil ly, it suggests a mechanism for hsat transfer i 

also* that is, at lower mss velocities, heat lifeexated is mainly 
•picked up * fey the solid particles and ^en they hsat the air In 



TABXE 4 


. . . 30 


(a) BISD TEMPERA -TtBl Bim^TDEHCE mi ?l5Af BtS^l^ATlia) 

(1») BBCTSMUBSS JOB. BEB'-^IBgiCF (M MASS TEXOCCTY 


S. Ho. 

1 Ban Bo»| 

L i 

0, 

; QOBir j 

1 iMt nt 

[ «C 

ffi mH* 

fi ^air^wall 

.C7 « «— '-"JM 

^bed ^wall 

1 

22 

230.6 

648.4 

15.1 

(# 

2.067 

2 

23 

227.1 

1063.4 

34*8 

0.509 

3 

29 

221*6 

1242*8 

36.0 

1.31 

4 

26 

229*5 

1742 i .2 

50.7 

0.463 

5 

26 

144.2 

1237.4 

47.0 

0.446 

6 

20 

139.9 

1343.0 

46.5 

1.054 

7 

10 

144.1 

2112*3 

68.5 

1.165 

8 

11 

172.4 

1990.4 

48*2 

0*998 

9 

12 

193.6 

' 1997.9 

54.0 

1.575 

10 

14 

166.5 

1568.4 

40.0 

1.125 

11 

15 

247.6 

1118.4 

29.3 

1.64 

12 

16 

247.1 

1203.2 

33.2 

1.210 

13 

17 

106*6 

120 T .4 

66.5 

0*575 

14 

21 

269*7 

1287.9 

35.0 

0.9 







wall) C 



Gf =144-1 , QGEN ^ 2112-3 BTU's/hr 





Gf =144-2, QGEN =1237-4 BTU's/hr. 
Run 28 


Run 20 

Gf =139-1, QGEN=1368-4BTU's/hr. 
ibs/sq.ft.hr 


40 h 



Distance from the support (ems)- 


Fig. 6a- Bed temperature and heat liberated relationship 










Run 26 

QGEN = 1742-2 Gf = 227-1 



Run 29 

QGEN=1242-8 
Gf =221-6 


Run 23 

QGEN =1063-4 
Gf = 227-1 


Run 22 

QGEN =648-2 BTU's/hn 
Gf =230-6 Ibs./sq. hr. 


Hcighttrcnn support (c ms) ^ 

Fig. 6b - Bed temperature and heat liberated relationship 






Height from support (ems) 

Pig. 6c - Bed temperature and heat liberated relationship. 
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ti 2 xn« That is wljsy 0 Ia less than 1 unflsr saoh ccaiaitioas* At 
saffictently higher veloctties-^round the region where maximiai Is 
encountered ** heat linerated Is aalnly ’picked ttp* hy air hecaase 
of Increased iroWage and heat transfer takes place from air to 
particles, resulting the iralue 0 to he greater than unity. 

At still higher nass reloctties, 0 tends to he e^ual to 
ur tty, the reason he lug that laass ▼eloelties are so hl^ that tem- 
perature rise for air Is not so much* At Intexmediate walues of 
mass velocity, 0 is again around unity the explalnatlon being that 
both the meohanlsms, muitloned above, play a sign if leant role* 

It iway he noted thst Tidaen 6^ <^1 , the air temperature in the 
bed will still be less them *aiat of outgoing due» For ^ ? 1 # the 
opposite thing will hold c^Nod# fhe season for these is that in 
both the cases, heat transfer is taking place upto the point they 
are in eon tact with each other* 


COKCOTICMS t 


The magnitude of heat transfer coefflci^t increased with 
ohemleal reaction* It mi#t have been due to (a) fomatlon 
of additional solid particles (ammonium ehloride), and (b) 
ammonia gas distributor resulting in better coiitaot* 

Dependence at sagnltude of heat transfer eosff loient on mass 
velooity at loser values of reduced mass velocity is higgler 
tbs© at higher values of the same f ho<v(t£ for 2,2 5 

(a) Keeping i^e velooity constant, the temperature of the bed 
Increases in maipiituds with the heat liberated fig*da,dib* 

(b) for the same Qutmtlty of heat liberated, the bed temperatur 
decreases with inezrease In the mm velocity (fig«io, runs 1$dT 
The ratio of exit sir temperature to that of the bed Is s stron 
function of mass veloeityt. It shows a maxinui*^ (tig#.?)* 



APIKTOEE 


• . . 36 


fAStlLATIOK OP BAfA AHD lll!gHOI3S OP CitCUXAT lOHS 

mmsFm mvim chekicai. reactiow t 

Hftitting Wirt Sn frelitater t 

Irttmgtii * 21 ft. approx.} #a«g# *. 21 BWe (0*055*') I 

fotal rtsittaiiot m 22 (Bunt. 

riuiaiwitiffla OolianD i 

Beogtli « 15.2 teeiies f X«£. « 1«51 lath* 

OtBtral I 

’“ooa t#ap«ratiire of wattr • 20*C (approx.) 

Bo<Mi teaperfiture of air *■ 21*0 (approx.) 

Alaoppherlo pressure m 740 wa« (Htroury) approx* 

for atr, • *0207 e.p. | I: « .01745 BTOsAr* ft.*F, 

Moroury manometer dlfferenot • 5 ®bi* 

Eotamtter ealitratloB cSiert was acirallAtXei the oallBratioa was at 
1 pressure sb 4 70*f * 

Tol* flow rate trow the ealihratiim ©hart was aireetly iwe^ to 
find the mass weloolty. 

TmTT fTTBE » 

fhla part of txperlaemte was neoessltated hy the faet tfeat 
In the prooess of preheating iSi® © ir* some of tbe heat pwiseA ahmg 
the walls of the preheater hy eonduotlon, fhis imouat dopendoA 
upon (!) wattage* (ti) flow rate of air# Ih fahle 5» 1h« data* 
oheerred ▼aloes as well as Hj® calculated iwnes* hare hewn tahulated# 
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MftthM M fog ijay 3«t of Obgonmttong t 

(i) SeynoW*a itua1»Gr» w.r.t. tube fllaaeter wa« found* 

(11) Depending upon tbe ▼alue of EejrnoM’e nunber beat transfer 
coefficient for tbe empty tube was found (Derry pp#1Q-13 and 
10 -14). 

(ill) From tbi temperature conditions and beat treuasfer coefficient. 

QA, conveetlT# beat tranafer to the wall was found* 

(It) QCOH • QW-QA^ gave the amount of beat tafeen up by water because 
of conduction abxng preheater walls, where, QW m total emiount 
of beat taken up by water. 

Sample Obserratlons and Calculations t 

For obsorration Ho* 7 in fable 5, 
corresponding to flowrate of 23*8 lltei^/mlii*, 

^alr * BWsAp# ft**f* • beat transfer coefffcient 

for air 

QA m - '^^ii ) * Internal surface area of the tube 

• 200*4 BTUsAt* (not glwe® In table ) 

QW » « 297.0 BSDoAr, 

QCQJI • 2q7#^ - 200.4 « 97.5 B«OsA». 

^ , Amount of beat t^en UP by water tbrcuMt o.oM 3 iatlj>n 

* cond. ^ 

" ” *‘®® 

X M waluos were plotted as a function of flow rate and 
oond 

wattaga supplied as parameter, fbey were mad# use In subeeousiit 


ealoulatlons* 



ELT^IDIOTI^ BED i 


■ .39 


Bed I 


m 4*45 c»8, for runs tOI - t05 


• 8*3 oa* for rune 106-110 


Biaaeter ^ 
I».rticl0a « •01" 
(-52 ♦ ny B*S*iii«®b 


Min* fludtaatlon aass Telootty »* 88#5 Ifes/br* »o#ft* 


Th faBle 6, the datst oheerved values as well ©s the oaloulated 
ernes have been tabulated. 


iftbiia at CBionuttoBB » 

(I) K« 7 BoU’s nunter tniM dlSMter was foonS and bance 

the value of heat transfer ooefflolent# 

(II) Conveotlve heat transferf by air was found as bef^sre, 

(III) Qf - (QA + QCdf ) • Oft transferred by the fluldlised 

bed waa foundt taking the value QCOir ( from froa the 

blank runs, conduoted previously, 

(Iv) Heat traiHifer ooeffioient, h, was found by aaklng use of 
the Integrated temperature difference and bed expansion 
ratio, 

aamnle Qaloulations^ 

for rm no* 101# 

Corresponding to a flow rate of air of 23*8 llt/aln and 
wattage of 160# 

• mass velocity of air 

, , 23 , *8. ..X... 6 0_„ y ,1, „4S-.* 

(3*048)^ *(480 ♦70) 

m 304 lbsA*» sd«ft* 
leduoed mmm velooity • * 1*451 


/ X * 1^ 
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Corrtispondliig bad axpanalon ratio m 1,53 

AveroF® temperature from Integrated tamswirature diJfferwao® » 38*C 

OF 

^ « 18,54 

X 1,33 X 38»^1.5 


tlfH CBEMICAI, HEACTirm 

Total length of the fludleatton eoluam • 16,2* 

Diameter of the oolumn « 3*156" 

Eoott tempei^ture of water » 54 "cC®PFX 0 X*) 

Boom tanperature of air » 36*0 (approx*) 

Botaneter oallbratlon eharta for air were aYatlablei the oallbration 
was at t at®, and ?0*F, Maes flow rate under the existing conditions 
was calculated and used la other oaloulatloas, 
farticle dlaseter • ,0076" ( •72 -f 80 ®esh ) 

Static bed hei^t « 5,9 <»%(«• 2*31" 5 for ruas 10 • 23 

• 7,7 on, ( *» 3*03" ) fox runs 26 • 29 

MiB,nudlsattoii Telocity « 60,5 IbsAx* oq^ft^ 

MET! OP ae CAICIIL/TIOB? A 

m Tables 7 * 8» ^e data hawe been tabulated# 

(1) QA was found as before 

(il) QW was found fw® the flowrate and tesperatuie rise of water 
data, 

(111) Attributing (QW-4A) to fluidised bed, heat transfer coefficient 
was found fi #ir i'» g use of bed expansion ratio f Integi^ted tenpera** 
ture difference I area of heat traasfertr 



* » « 


4 - 2 , 


(!▼) Total h®at liljerated p^r unit tlaie, QOM, was fouM tcm 

th» flow rat® of hydrochloric add, gas, of HOI gas glTon out 
f«r unly Toluaa of add aal heat of reaction* 

(t) lass velocity of air under existing conditions. 


ror P0taa.t,r 1, ?, 


m 


T in ± mm%) 

32,414 X 76 (273 Troom) «»*Alt. 


BIAHI 

Slnllarly ^1 


• density of air passing through rotoaeterl, 

* annoffieterlo pressure difference In the 
aercury ©anoraeter for rotameter 1, ea* 

la evaluated. 


Biasa velooityy gaa*/8o,oa,8in, * 




C<\ 



Area of oroaa section 



<W3 ^erry) 


irh.re - Bm.lt, of «lr to to. oon4ttton. ondor toleh 

rotameter was calihrated. 


• lass velocity, IhsAr 8q,ft 

X C 30*4S X 60 
— 


M 


m 123 


06 


Sample Calculations t 

For run 10, (1) amount of heat liheratedy^tiri, 

- 2112.5 BICAr. ^,a!. 

55 g»a of dry ICl liberated per 200 o*c, ofX 41^900 caXorlea /ga* 
mo la ^ is the heat of reaotionjtl IW • 252 oa lories* 

Beat of the calculations are as before* 
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1 . . ^S" 


»otg 

(1> tJpto rm no, 12, HOI (I), was u«e4 

Prom run no, 13 to 26 , HCl (11) was m%A 
For reaalnteg runs, HCl (III) was usad* 

200 66* of oonc* BOX (I) gave 55*8 ipt, of ®Jl gs® 

200 CO, of COHO, ICI(II) gar* 31 ga. of HOI gas 
200 CO, of cono, HCl (III) ^vs 39,2 ga, of HCl gas, 

(2) All til* oaloulttions war* based, taking one Hour as tHe unit 
time, altHougb almost all tHe obserrattona were tm one minute as 
tlm unit time, 

(3) Conv.rolon factors wire made use of wbenever any cHange of 
units oooured, 

HUPmiGAl CS^WCTS H8EP m CQI|PAR3S0Kt , 

» gruiiir«s corrsl ationiyl 

li • 0,64 


®f 


0#6 < 


0# 

JB.J1 


-0,7 




Xswa<8 Corrsletioaa 


1* Tl 
M JIm 


o.i« 


1,5 0,5 

(!ai!_5L_&_ )°** 
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Saw aad late^»s Corirttlatloa 
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— ^ » 0.55 (-^) I ? ) _ 
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‘ {i-e)c, ?,■ 

0.25 




L >- J 


^ *■ Toidaictt 

Van ggftaedcii. |rot)«X & Kreynltgg Cory lat ion 
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B at 

Oeaevallised flkapa factor 
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• 0,5a ( 


3B« 0. 




(to) 
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"■ '" "V "* • 5.t5 


^af . log % 
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0.4T 


Ik takla 5 tka <mnii‘liosi n^ntloned %jr irarlatis itaxlntc* 

b«>(?fn 

kare ifi Xi«t«g. 


eoodilil^s %j ▼arlous i«jrk«r« 
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Qcm 

QA 
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mf 
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^rot 

9* 


v Ar«a tjudar the curr®t integrated teaperature 
htd hei^t* 

m Specif 10 heat of solid partloleSf BTOs/lh •l‘. 

« Specific heat of the flald, BfTl8/Ih*f. 

* ■Partiel® dlenaeter* inches* 
a* fahe disBjeter Inches* 

w i\ccp-l®Tation dnr to fimvlty, ft/sec 
« Mass ▼eloolty, Iha/hr. st*ft, 

• Heat transfer coefficient for emptj tube* iftrs/^*®***^”*^* 

« He&t transfer coefficient for fluid iced bed ® 

m Theroal conductivity of Ihe gee* BTHs/hr^ft**!*# 

« Bed height t ft. 

• Heat liberated, WVB/kTm 

m Ancmat of heat passing by conduction, MPHs/br* 
m Heat transfer by oonteetloni empty tube, 
m Heat taken tip by water, BTHs/hr. 
m Bed expansion ratio* 
m Exit temperature of air, *0* 

* Bed temperature *0* 

m Average wall temperature, *0. 

* fluidisation velocity of air ft/seo* 

• Minimum f luidlaatlon velocity, of air ft/sec* 

«• flutdiaatlon effloieooy 

c. 

m Ooeffioient of vlscoslt^^poise* 
m Benelty of wild partioles, lbe/ca*ft, 
m Density of fiilscent bed lbs/m]*ft* 
m Denttlty of air losing through rotameter, Ibs/^^'^* 
m Density of gas lbs/ou«ft« 
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